INTRODUCTION
The glutathione transferases (GSTs) form a large family of enzymes responsible for the conjugation of glutathione to a wide range of electrophilic compounds, including many carcinogens and some therapeutic drugs. The mammalian cytosolic GST family can be subdivided into four evolutionary classes on the basis of their amino acid sequences. The classes known as Alpha, Mu, Pi and Theta show substantial sequence similarity within classes (50-80 %) and about 30 % or less between classes.
Genetically determined deficiency of the Mu-class enzyme GSTM1 [1, 2] has been associated with various forms of cancer [3] [4] [5] [6] [7] . In contrast, elevated expression of Alpha-, Mu-and Piclass GSTs has been observed in certain cancers and in patients resistant to chemotherapy [8] [9] [10] . Since some anti-cancer drugs are known substrates for GSTs, inhibitors that target specific GST classes or isoenzymes may have considerable therapeutic potential. In order to design such inhibitors, detailed knowledge of the structure of the isoenzymes and their catalytic mechanism is essential. Recent studies of the crystal structures of the Alpha-, Mu-and Pi-class enzymes have shown that these three classes share a similar topological pattern [11] . Each enzyme is a dimer of similar or identical subunits that fold into two domains. In general, the N-terminal domain is responsible for binding glutathione in the active site and contains a highly conserved tyrosine residue. The tyrosine appears to play a significant role in catalysis by stabilizing the glutathione as a thiolate anion through hydrogen bonding from its hydroxy group [11] .
Although considerably less is known about the structure and function of the Theta-class GSTs, there is mounting evidence that the Theta-class GSTs may have a significantly different structure to that of the Alpha, Mu and Pi classes. Theta-class isoenzymes have distinct substrate preferences and generally show little or no activity with 1-chloro-2,4-dinitrobenzene (CDNB), which is a significant substrate for the Alpha-, Mu-and Pi-class isoenzymes. In addition, most Theta-class GSTs show low or negligible capacity to bind to immobilized glutathione or S-hexylglutathione affinity matrices [12, 13] . A computational indicated that a serine residue rather than a tyrosine residue can form a hydrogen bond with the glutathionyl sulphur atom. The present studies show that mutation of Ser-9 to alanine substantially inactivates the L. cuprina GST, confirming its importance in the reaction mechanism. As this serine is conserved in all Theta-class enzymes reported so far, it seems that an activesite serine is a significant factor that distinguishes the Theta-class GSTs from members of the Alpha-, Mu-and Pi-class isoenzymes.
model of the active site of the Theta-class enzymes has predicted that they contain a serine residue instead of the N-terminal tyrosine implicated in the activation of glutathione in the Alpha-, Mu-and Pi-class enzymes [14] . In a mutagenic study of the Theta-like GST from Escherichia coli, conversion of a tyrosine at position 5 to phenylalanine failed to significantly alter the enzyme's activity [15] . Most recently, it has been shown that there are no tyrosine residues in the N-terminal sequence of GSTT2, a human Theta-class GST [13, 16] . The absence of a tyrosine residue in the N-terminal sequence strongly supports the suggestion that the Theta-class GSTs may be structurally distinct and may utilize a different catalytic mechanism.
As yet the crystal structure of a mammalian Theta-class GST has not been solved. However, we have recently cloned, crystallized and solved the crystal structure of a GST from the Australian sheep blowfly (Lucilia cuprina) [17] [18] [19] . In the Nterminal region this isoenzyme has sequence similarity with members of the mammalian Theta-class enzymes, and it appears to be a member of a broader group ofTheta-like enzymes found in many diverse species [17, 19] . Although the Lucilia GST folds with a similar topological pattern to that of the other GST classes, and contains a tyrosine residue at position 5, the structural data show that the hydroxy group of tyrosine 5 is 13.9 A from the sulphur atom of glutathione and could not participate in the hydrogen bonding that is a feature of the active sites in the Alpha-, Mu-and Pi-class GSTs. In contrast, the crystallographic data show that the hydroxy group of a serine residue at position 9 is within hydrogen-bonding distance of the glutathionyl sulphur. In addition, the crystal structure indicated that Tyr-1 13 could also potentially form hydrogen bonds with the glutathionyl sulphur through an adjacent water molecule. This residue may therefore also play an important role in catalysis.
In order to confirm the potential roles of Ser-9 and Tyr-1 13 in the active site of the Lucilia Theta-class GST, we have now changed the residues at positions 9 and 113 by site-directed mutagenesis and have expressed the mutated enzymes in E. coli for further characterization.
Abbreviations used: GST, glutathione transferase; CDNB, 1-chloro-2,4-dinitrobenzene.
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MATERIALS AND METHODS
GST from L. cuprina was expressed in E. coli as previously described [17] . Mutations in the cDNA sequence were made using the DNA Sculptor kit from Amersham Australia. The mutations S9A, S9T and Y1 13F were made with the following oligonucleotides: S9A, 5'-TTG CCC GGT GCC GCT CCC TGC-3'; S9T, 5'-TTG CCC GGT ACC GCT CCC TGC-3'; Y113F, 5'-GAC TAC TAC TTC CCA CAA ATC-3'. The recombinant enzymes were purified by affinity chromatography on glutathione-agarose [17] . The S9A and S9T mutants showed a considerably reduced affinity for glutathione-agarose and did not bind in the presence of high concentrations of bacterial protein. Bacterial lysates containing S9A or S9T were dialysed extensively against 50 mM Tris, pH 7.2, and then passed through a DE52 ion-exchange column equilibrated in the same buffer. The enzymes were slightly retarded by the column and were detected in the eluted fractions by immunoassay with rabbit antiserum raised against the normal recombinant enzyme. The partially purified enzymes were then applied to glutathioneagarose columns, and after washing in 50 mM Tris, pH 7.2, the enzymes were eluted with 50 mM Tris, pH 9.6. The purified preparations were concentrated on an Amicon UM10 filter and were shown to be homogeneous on SDS/PAGE. GST activity was determined with CDNB as a substrate at 30°C as previously described [20] . enzymes from humans and several other species is shown in Figure 1 . Although an N-terminal tyrosine residue that makes a significant contribution to catalysis in the Alpha-, Mu-and Piclass GSTs is conserved in most Theta-class isoenzymes, it is evident from the human GSTT2 and fish sequences that it is not essential in the Theta class. In contrast, a serine at position 9 in the Lucilia GST is conserved in all Theta-like isoenzymes, from many species, including the mammalian Theta-class isoenzymes.
The positions of Tyr-5, Ser-9 and Tyr-1 13 with respect to the sulphur atom of glutathione bound in the active site of the Lucilia GST are shown in Figure 2 . The proximity of the Ser-9 hydroxy group suggests that it could play a similar role to that of the N-terminal tyrosine residues conserved in the Alpha, Mu and Pi classes. In addition, Tyr-l 13 may also potentially influence the reactivity of glutathione by hydrogen bonding through a water molecule close to the active site. To test these possibilities we mutated Ser-9 to alanine or threonine, and Tyr-113 to phenylalanine. As shown in Table 1 , both substitutions at position 9 resulted in a substantially incapacitated enzyme. The kinetic parameters Vmax, Km and kcat /Km were determined for the normal enzyme and the S9A and S9T mutant forms with CDNB as the electrophilic substrate. The mutation S9A resulted in a substantial reduction in specific activity, as reflected in the Vmax. The Km values for GSH and CDNB were both elevated, and the values of kcat./Km were significantly diminished. The increased Km for GSH and decreased catalytic capacity are consistent with the crystallographic analysis suggesting the importance of a hydrogen bond between the hydroxy group of Ser-9 and the sulphur of glutathione. The mutation S9T also resulted in a large reduction in enzyme activity; however, the Figure 1 Alignment of GST N-terminal sequences showing the secondary structure elements of the L cuprina enzyme
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The sequences were obtained from the SWISS-PROT or GenBank databases, and the database entry code is given in brackets: blowfly is L. cuprina GST1-1 (LUCGLTR), fruit fly is Drosophila melanogaster DMGST1 -1 (GT1-DROME), fish is Pleuronectes platessa (GT-PLEPL), plant is maize GST1 (GT2-MAIZE), bacteria is Proteous mirabilis GSTB1-1 (GT-PROM), human Theta GSTT1 (GSTT1-HUMAN), human Theta GSTT2 (HUMGSTT2A), human Alpha GSTA1 (HUMGST2), human Mu GSTM1 (GTM1-HUMAN), human Pi GSTP1 (GTP-HUMAN). The sequence numbering is based on the L. cuprina sequence. Only conserved tyrosine and serine residues have been boxed.
Tyr-1 13 Tyr- 13 Figure 2 Stereo view of the active site of L cuprina GST generated by the program MOLSCRIPT [22] 
DISCUSSION
The absence of a tyrosine residue in the N-terminal region of the human Theta-class GSTT2 isoenzyme strongly suggested either that the structure of the Theta-class enzymes would prove to be radically different from that of the Alpha, Mu and Pi classes or that in the Theta class catalysis is dependent on another residue [16] . There is strong evidence in the Alpha class that, in addition to Tyr-9, Arg-15 makes a substantial contribution to the electrostatic field in the active site [21] . It seemed possible that a similar mechanism may be utilized by the Theta-class isoenzymes. The solution of the crystal structure of the L. cuprina Theta-like GST [19] has demonstrated that the overall fold of the Thetaclass GSTs is similar to the topology of the Alpha, Mu and Pi classes, but has pointed to a significant difference in the active site, with a serine residue hydroxy group being within hydrogenbonding distance of the glutathione sulphur atom. The present study has confirmed that Ser-9 is essential for activity in the Lucilia GST, with the S9A mutant enzyme having less then 0.5 % of normal activity. The present data also suggest that, although the active-site residue is different, the reaction mechanism in the Theta class is likely to be similar to that in the other classes, as serine has a side-chain hydroxy group like that of tyrosine. The involvement of the hydroxy group in the reaction is also supported by the fact that the S9T mutation maintains a hydroxy group on the side chain and had notably higher activity than the S9A One surprising finding of this study was that mutation of Ser-9 to either alanine or threonine substantially diminished the enzyme's affinity for the glutathione-agarose affinity matrix. The loss of affinity for GSH is consistent with the elevated K,m, values.
The reason for this change in affinity is not clear, as the structural data suggest that there are several more important residues responsible for binding and aligning glutathione in the active site [19] . However, as the normal L. cuprina GST only shows a relatively weak affinity for glutathione-agarose [17] , any reduction in contacts between GSH and the enzyme appear to be important. In this sense it is significant that the Yl 113F mutant showed normal affinity for glutathione-agarose and essentially normal activity.
The observation that Ser-9 in the L. cuprina GST is absolutely conserved throughout all the mammalian Theta-class GSTs and in Theta-like enzymes from numerous other species suggests that this active-site residue is a general feature that distinguishes the Theta-class GSTs from the other evolutionary classes and appears to mark a major evolutionary bifurcation.
